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MicroRNAs in the Hox network: an
apparent link to posterior prevalence
Soraya Yekta*‡, Clifford J. Tabin§ and David P. Bartel*‡

Abstract | Homeobox (Hox) transcription factors confer anterior–posterior (AP) axial
coordinates to vertebrate embryos. Hox genes are found in clusters that also contain
genes for microRNAs (miRNAs). Our analysis of predicted miRNA targets indicates that
Hox cluster-embedded miRNAs preferentially target Hox mRNAs. Moreover, the
presumed Hox target genes are predominantly situated on the 3′ side of each Hox miRNA
locus. These results suggest that Hox miRNAs help repress more anterior programmes,
thereby reinforcing posterior prevalence, which is the hierarchical dominance of
posterior over anterior Hox gene function that is observed in bilaterians. In this way,
miRNA-mediated regulation seems to recapitulate interactions at other levels of gene
expression, some more ancestral, within a network under stabilizing selection.
Bilateria
Members of the animal clade
that have bilateral symmetry —
the property of having two
similar sides, with definite
upper and lower surfaces, and
anterior and posterior ends.
Bilaterians include chordates,
arthropods, nematodes,
annelids and molluscs, among
other groups.
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As determinants of regional anatomic identity across
Bilateria , homeobox (Hox) gene clusters are under
strong evolutionary constraint, with small changes
giving rise to profound alterations in body plans 1,2.
Conservation owing to purifying selection is exemplified by the homeobox motif of the Hox transcription
factors, in which 99.7% of non-synonymous mutations are
eliminated, in contrast with an average removal estimate of 85% among a random set of human and mouse
gene pairs3. Relative to ancestral bilaterian Hox genes,
the vertebrate set is also remarkably constrained with
respect to cluster organization, gene order, orientation
and compactness1. On the other hand, large departures
from highly ordered vertebrate-like clusters occur in
genomes of clades with widely divergent body plans
— as is the case in echinoderms, in which the cluster
is scrambled4, or in urochordates, in which it has disintegrated and central genes have been lost5,6. Natural
variation in Hox regulatory elements has been used to
explain the morphological differences between body
segments of related species within arthropods. Among
vertebrates, this type of variation (such as gain of a
global enhancer to drive expression along a secondary
axis) might have enabled the development of structural
novelties, including the tetrapod limb7,8.

An iterative code along the AP axis
The four Hox clusters of mammals map to distinct
chromosomes, range in size between 100 and 200 kb,
and each contain 9 to 11 protein-coding genes dispersed among 13 paralogous groups, all transcribed
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from one DNA strand. In Hox gene nomenclature,
paralogue numbering descends in the direction of
transcription, with Hox1 paralogues mapping to the
3′ edge of each cluster (FIG. 1a). The Hox paralogues
were derived by tandem duplication of an initial template most closely related to 3′-end coding sequences.
A paired set of protoHox1/2 and protoHox3 genes that
were present in an early metazoan are thought to have
duplicated to generate Hox and paraHox predecessors, each of which subsequently experienced further
replication9. The ancestral chordate cluster presumably
most resembled the unique ~450 kb cluster of the freeliving marine urochordate amphioxus10 minus its most
posterior gene Hox14, which is likely to be the product
of a urochordate lineage-specific duplication event11.
From this ancestral prototype, multiple clusters arose in
vertebrates through a series of larger-scale duplications
involving the surrounding genome.
Hox genes are expressed in staggered and overlapping domains in all embryonic germ layers along the
anterior–posterior (AP) axis, also called the rostrocaudal axis, with sharp anterior and diffuse posterior
boundaries2. The anterior limit of expression is the site
with the highest transcript levels and where loss-offunction phenotypes are most overt, hence it is defined
as the functional domain2,12. Gene order within a cluster correlates with the coordinates of the functional
domains along the AP axis, and with the relative onset
of gene expression during vertebrate gastrulation. These
conserved properties, whereby genes at the 3′ end of the
Hox cluster are expressed earlier and more anteriorly
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Figure 1 | Predicted repression of Hox genes by Hox microRnAs. a | The mouse Hox clusters. Blue
andReviews
green lines
indicate repression by the microRNAs (miRNAs) miR-10 and miR-196, respectively. All targets are conserved in humans,
except Hoxd1 and Hoxa4 (dashed line). b | A model for the role of Hox miRNAs in modulating the Hox code. Hox miRNAs
are placed within a scheme of embryonic development along a segmented anterior–posterior axis. The most anterior
segment displays the default developmental state that is specified in the absence of Hox expression. This state is
modified towards more posterior fates by miRNAs that dampen the activity of Hox genes that are situated 3′ of the
miRNA locus. The second most anterior segment is the anterior boundary of expression for the Hox genes that are
situated 3′ of the miRNA locus, which specify earlier and more anterior fates. Hox miRNAs dampen the posterior
expression of their 3′ Hox targets. In the more posterior domains, they act in parallel with 5′ Hox genes to reinforce the
hierarchy of 5′ Hox function. Within the most posterior domains of Hox miRNA expression, the miRNAs provide fail-safe
repression of aberrant or low-level and experimentally undetectable transcription. Alternatively, they might linger as
stable species following the clearance of 3′ Hox targets. The targets are generally expressed prior to the miRNAs, and
thus the miRNA-mediated modulation of expression domains also has a temporal dimension (not shown).

Non-synonymous mutation
A change in nucleotide
sequence that alters the
encoded amino acid.

Paralogous
The homology between two
genomic segments in the same
organism that arose from a
duplication event.

and the more 5′ genes are expressed later and further
towards the tail, are referred to as spatial and temporal
colinearity2,13,14. The nested expression of Hox genes
leads to a modular code that specifies spatial coordinates
along the AP axis and determines regional anatomic
identities15,16.
An elaborate set of global and local transcriptional
regulatory mechanisms seems to be responsible for the
spatial and temporal colinearity of Hox expression17,18.
Post-transcriptional regulation is also observed19,20, but
has received less experimental attention. This includes
regulation by microRNAs (miRNAs), which are
~22-nucleotide (nt) non-coding RNAs that guide the
post-transcriptional repression of protein-coding genes
by pairing to the messages of these genes, usually within
their 3′uTRs21. most important for target recognition is
pairing to the 5′ region of the miRNA, particularly to
miRNA nucleotides 2–7, which is known as the seed.
Conserved targets of a miRNA can be predicted above
a background of false-positive predictions by searching for conserved 7-nt matches to the seed region22–25.
This approach indicates that over a third of mammalian
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protein-coding genes have been under selective pressure to maintain pairing to miRNAs23. These targeted
messages are repressed through either translational
repression, mRNA destabilization or both. Here we
consider known and predicted repression of Hox
mRNAs by miRNAs and how this miRNA-mediated
repression relates to the overall regulation and function of Hox clusters during embryonic development
and evolution.

Genomic linkage of Hox miRNAs and their targets
At least 30 of the 39 mammalian Hox 3′uTRs have one
or more conserved matches to vertebrate miRNAs,
several of which have been supported experimentally.
These include Hoxa7, Hoxb8, Hoxc8 and Hoxd8, which
have experimental support as conserved targets of
miR-196 (ReFS 26,27). In the chicken, Hoxb8 has a seedmatched site but, in most vertebrates, Hoxb8 is atypical
as a miRNA target in that it lacks perfect seed-pairing
and instead has extensive complementarity to miR-196,
making it a substrate for miRNA-directed cleavage.
expression of mir‑196 is lower in the forelimb than in
www.nature.com/reviews/genetics
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the hindlimb, where the miRNA acts as an inhibitor of
Hoxb8 and prevents its induction by ectopic retinoic
acid28. Hoxc8, Hoxd8 and Hoxa7 have canonical seed
matches — the type of sites that mediate translational
repression and mRNA destabilization without miRNAdirected cleavage. The 3′uTR fragments containing
these sites mediate the repression of reporters in cultured human cervical cancer (Hela) cells26. similar
experiments support the targeting of Hoxd10 mRNA
by miR-10 in cultured human non-metastatic breast
cancer (sum149) cells29. Altering levels of miR-10 in
zebrafish embryos leads to misexpression of Hoxb1a and
Hoxb3a, both of which have seed matches within their
3′uTRs30. moreover, blocking functional miR-10 and
miR-196 in chick embryos leads to extensive skeletal
defects, including homeotic transformations, consistent with regulation of Hox genes by these two miRNAs
(e. mcGlinn, s.Y., D.P.b. and C.J.T., unpublished observations). likewise, experiments in flies support the predicted repression of Drosophila Hox genes by miR-10
and miR-iab miRNAs31–34,48, including a loss-of-function
study indicating that the miR-iab miRNAs target
Ultrabithorax (Ubx) for repression in more posterior
segements31.
Preferential targeting of Hox mRNAs. both miR-10 and
miR-196, the two vertebrate miRNAs experimentally
implicated in targeting Hox mRNAs, are expressed
from gene families that are themselves encoded by
sequences within the Hox clusters26,47 (FIG. 1a), leading
to the question of whether these two Hox miRNAs
might preferentially target Hox mRNAs. examination
of conserved miRNA sites that matched the 73 highly
conserved vertebrate miRNA families23,35 revealed that
15% of sites falling within the Hox 3′uTRs matched the
two Hox miRNAs. moreover, the two Hox miRNAs were
ranked first and third highest among the 73 miRNA
families when the fraction of conserved sites falling in
Hox 3′uTRs was considered (TABle 1). Thus, although
the Hox cluster-encoded miRNAs have many conserved targets other than Hox genes, and although the
Hox mRNAs contain target sites to other miRNAs,
the two Hox miRNAs seem to preferentially regulate
Hox genes.

This preferential targeting is all the more striking
because miRNA target predictions are far from perfect
and undoubtedly yield many false positives and false
negatives. Our analysis, which primarily focused on
7–8-mer seed-matched sites falling in 3′uTRs, would
have missed sites with non-canonical pairing or sites
located elsewhere in the message. efficacy and preferential conservation have been reported for sites falling
in ORFs, but the efficacy is about one tenth of that
observed in 3′uTRs, and the conservation that is due
to coding leads to lowered prediction specificity, justifying the exclusion of these sites from consideration23,35.
sites without perfect pairing to the seed region can still
function if they have extensive pairing to the 3′ region
of the miRNA, which can compensate for a mismatch
or bulge in the seed pairing. Indeed, the miR-196 site
in the Hoxb8 3′uTR is a well known example of such
a 3′-compensatory site, and similar miR-196 sites in
Hoxc8 and Hoxd8 have been proposed 26. However,
experiments examining the effects of site disruption
on miRNA-meditated repression have yet to uncover
any additional 3′-compensatory sites in vertebrate
mRNAs, even though such experiments have supported the function of countless seed-matched sites. A
systematic analysis of site conservation indicates that
additional 3′-compensatory sites are likely to function
in vertebrates, but that they are rare and constitute less
than two percent of all selectively maintained sites
for vertebrate miRNAs (R. Friedman, K.K. Farh, C.b.
burge and D.P.b., unpublished observations). Of the 30
most probable 3′-compensatory sites, ranked by quality of 3′ pairing and extent of conservation, the only
two that fall in Hox 3′uTRs are the miR-196 sites in
Hoxb8 (ranked 1) and Hoxc8 (ranked in the top 20).
These results are consistent with experiments showing
that sites predicted by algorithms that allow for seed
mismatches have poor efficacy35. On the basis of these
considerations, our analysis included the three miR-196
3′-compensatory sites26 but did not consider other seedmismatched sites. Pairing to the 3′ region of the miRNA
can also supplement seed-matched sites to increase site
efficacy but, because consequential 3′-supplementary
pairing seems to be rare and imparts only a modest
increase to site efficacy35, it was not considered.

Table 1 | Targeting of Hox mRNAs by conserved vertebrate microRNAs
conserved microRnA

conserved 3′UtR
sites

conserved sites in Hox 3′UtRs
(number of Hox 3′UtRs targeted)

Fraction of sites in
Hox 3′UtRs

miR-196

183

14 (6)

7.7%

miR-99/100

37

1 (1)

2.7%

miR-10

181

4 (4)

2.2%

miR-193

138

2 (2)

1.4%

miR-23

719

9 (8)

1.3%

miR-34b

259

3 (3)

1.2%

miR-33

261

3 (3)

1.1%

miR-192/215

97

1 (1)

1.0%

For the 73 highly conserved microRNA families considered at www.targetscan.org (release 4.0), the eight with the highest
percentage of conserved sites in Hox 3′ UTRs are listed.
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Conservation of target sites. Although conservation
provides useful information regarding the functional relevance of a regulatory site, not all miRNAresponsive mRNAs have conserved sites. Indeed,
non-conserved sites often mediate miRNA-dependent
repression in reporter assays, and most messages that
are repressed when a miRNA is introduced, as well as
most of those that are derepressed when a miRNA is
either inhibited or eliminated, have sites that do not
meet the conservation criteria typically used for target
prediction35–39. If the repression these miRNAs mediate
were inconsequential, sites would not be expected to
be under purifying selection, and this might be the
case for some non-conserved targeting interactions.
In some cases, however, the sites might be providing
recently evolved but important lineage-specific functions, or they might be a form of ancestral regulation
that is under purifying selection but nonetheless lost
(or that is not able to be aligned) in one of the reference species. To find potential non-conserved targeting of Hox mRNAs by Hox miRNAs, we independently
surveyed the Hox 3′uTRs of five representative vertebrate genomes — human, mouse, chick, zebrafish and
pufferfish — for canonical 7–8-mer seed-matched sites
(see Box 1 for the methods used). more than a third of
the 3′uTRs had at least one and up to six canonical
sites for miR-196 or miR-10 (FIG. 1a; TABle 2). Although
conservation, local 3′uTR alignment or synteny were
not required for their identification, all but three of
the sites were present in both the human and mouse
genome. In these three cases the history of the site
was assessed by examination of multiple mammalian
genome alignments. Hoxa4 and Hoxb13 seem to have
gained unique 7-mer seed matches to miR-196 in the
rodent and primate lineages, respectively. Hoxd1 has
retained an 8-mer site that matches the miR-10 seed
region in the mouse, but has lost it in the rat and in
the primate lineage. The opossum, which is basal to
eutherian mammals, does not have the site, but six
other mammals that are basal to both primates and
rodents do have a 7-mer site that matches the miR-10
seed region. In a number of cases, including murine
Hoxa4 and Hoxa7, which show evidence of alternative
polyadenylation, miRNA sites are present in the longer
isoform and might contribute to isoform-specific regulation. we conclude that the majority of the targeting
by Hox miRNAs existed prior to the emergence of
mammals, and has been under high selective pressure
to be retained.

Expression and function throughout Bilateria. when
evaluating the functional significance of the preferential targeting of Hox mRNAs by the Hox miRNAs,
it is useful to consider the expression and evolution
of these miRNAs. The mir‑10 and mir‑196 genes are
transcribed in the same orientation as the proteincoding genes in each cluster, and are expressed in patterns that approximate the characteristic expression
of Hox genes, including anterior limits of expression
correlated with their genomic positions within the
cluster26,27,30,40,41. both miRNA families have highest
expression in the neural tube and lower expression
levels in the trunk mesoderm, with ill defined anterior limits and broad posterior expression through
the tail. In mouse embryos, the resolution of miRNA
expression is too low to determine exact boundaries.
However, the observed expression domains of miRNAs
are in agreement with the patterns that are expected
on the basis of their locations within the Hox clusters.
For example, the predicted anterior limit of mir‑196
expression would be slightly posterior to that of Hoxb9
(ReF. 27), which is adjacent to mir‑196 within the Hox
cluster. Hoxb9 expression has an anterior limit in the
paraxial mesoderm up to prevertebra 3 in embryonic
day 9.5 (e9.5) mice, which is shifted caudally to the
thoracic prevertebra 8 by e12.5 (ReF. 15). The anterior
limit of miR-10 is caudal to or equivalent to that of
transcripts from the adjacent gene Hoxb4 (ReF. 27),
which has an expression boundary in the paraxial
mesoderm at prevertebra 2 in e10.5 mice20.
expressed from loci between Hox4 and Hox5
paralogues (FIG. 1a) or within the intron of Hoxd4 (for
example, the mouse miR-10b), miR-10 is among the
set of core bilaterian miRNAs with orthologues in
insects42, nematodes43 and planaria44. RNA-blot studies hint at possible presence of a homologue in the
startlet sea anemone, Nematostella vectensis, suggesting that miR-10 sequence might have pre-dated the
cnidarian–bilaterian split44,45. The orthologue in nematodes, miR-57, shares the seed region of the chordate
miR-10, and thus is expected to recognize essentially
the same sites. However, mir‑57 is not located among
Hox genes, nor does it have canonical seed-pairing to
Caenorhabditis elegans Hox mRNAs. The Drosophila
mir‑10 gene is unusual because it produces mature,
apparently functional miRNAs from both arms of
the precursor hairpin, which expands the potential
for targeting from this locus 33,46. moreover, the fly
mir‑10 homologue is shifted by one nucleotide at its

Box 1 | Prediction and genomic arrangement of the Hox targets of miR‑196 and miR‑10
Using the miRNA targeting insights of Lewis et al.23, we predicted targets of miR‑10 and miR‑196 in the human, mouse,
chick, zebrafish and Takifugu Hox clusters without imposing conservation requirements. A target contained at least
one canonical 7–8‑mer match to miR‑196 (8‑mer match, ACTACCTA; 7‑mer matches, ACTACCT and CTACCTA) or
to miR‑10 (8‑mer match, ACAGGGA; 7‑mer matches, ACAGGG and CAGGGA) within its 3′UTR. Also included were
the miR‑196 3′‑compensatory sites identified in the Hoxb8, Hoxc8 and Hoxd8 UTRs26. In mammals, the 3′UTRs were
defined by the longest RefSeq annotation, except for the 3′UTR of Hoxb1, which was extended beyond existing
annotation owing to the presence of overlapping ESTs and conservation above surrounding intergenic sequence. In
the chicken, UTRs were defined using orthology to mammals, as well as EST sequences, and in teleosts UTRs were
defined as the 2 kb sequence 3′ to the stop codon.
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Table 2 | Genomic distribution of Hox genes targeted by miR‑196 and miR‑10
species

Fraction of Hox genes
predicted as targets*

Fraction of 3′ genes
targeted‡

Fraction of 5′ genes
targeted‡

P-value§

miR-196 targets in the Hox cluster
Pufferfish (Takifugu)

27%

12/32

1/16

0.020

Zebrafish

31%

14/32

1/17

0.005

Chicken

25%

8/22

0/10

0.030

Human

28%

10/27

1/12

0.068

Mouse

26%

10/27

0/12

0.013

miR-10 targets in the Hox cluster
Pufferfish (Takifugu)

29%

9/15

5/33

0.003

Zebrafish

16%

5/14

3/35

0.033

Chicken

9%

3/10

0/22

0.024

Human

13%

3/12

2/27

0.159

Mouse

15%

4/12

2/27

0.060

*Predicted targets contain within their 3′UTR one or more canonical 7–8-mer seed-region match. ‡Hox genes targeted by the
microRNAs (miRNAs) miR-196 and miR-10 were categorized according to their genomic location in the Hox clusters relative to
the miRNA locus. In the case of mir-196, Hox1–9 were grouped together as downstream, and Hox10–13 were considered upstream,
regardless of which cluster they belonged to. similarly, Hox1–4 were downstream of mir-10, whereas Hox5–13 were
upstream. §P-values for the probability of the observed genomic distributions were obtained by Fisher’s exact test (one-sided).

5′ end, which is expected to have a profound effect
on target recognition as it changes one of two 7-mer
sites recognized by this miRNA46. Nonetheless, the fly
mir‑10 gene resembles its vertebrate counterpart in
two aspects: it is found at an orthologous locus within
the fly Antennapedia complex 47, and both miR-10
miRNAs of flies have the conserved potential to target
Hox mRNAs33,46.
The other Hox miRNA gene, mir‑196, which is situated between Hox9 and Hox10 paralogues in all but the
HoxD cluster (FIG. 1a), seems to have emerged more
recently. Absence of mir‑196 from non-vertebrate
chordates and its presence in the jawless lamprey and
in multiple vertebrate clusters indicate an origin in
the common ancestor of vertebrates, pre-dating the
initial cluster duplication event. Although mir‑196
homologues seem to be absent outside of vertebrates, a
functional analogue, mir‑iab‑4, resides at the orthologous location in the fly bithorax complex26,32. Through
transcription from either strand of DNA, the fly locus
produces two alternative miRNAs: miR-iab-4s and
miR-iab-4as (ReF. 33). Neither of these fly miRNAs has
detectable homology to miR-196, but both seem to
target nearby Hox mRNAs26,31–34,48.

Asymmetric distribution of target mRNA loci
In our survey of conserved and non-conserved sites in
the five representative vertebrate genomes, we found
that the predicted target genes were unevenly distributed throughout the clusters. For the purpose of this
analysis, the miRNA loci were treated as genomic
boundaries and Hox genes were divided into two
groups, depending upon which side of this boundary
they fell (FIG. 1a). Thus, for the mir‑196 locus, Hox1–9
paralogues were interchangeably referred to as 3′ or
anterior, and Hox10–13 paralogues as 5′ or posterior.
NATuRe RevIews | genetics

Regardless of conservation of individual sites, a significant majority of target 3′uTRs belonged to genes
in paralogous groups located 3′ to the mir‑196 loci,
thus with more anterior expression boundaries. For
example, humans possess ten 3′ targets of miR-196,
but only a single target was located in the 5′ side.
within the 3′ set, more than half of the predicted
targets were in the immediate vicinity of the miRNA
locus, that is, within the central paralogues of Hox5–9.
moreover, the fraction of 3′ Hox genes predicted to be
targets of miR-196 was higher than 5′ Hox genes, with
a vertebrate average of 38% of 3′ genes and 4% of 5′
genes (TABle 2). similarly, in fruitflies the miRNAs of
the iab‑4 locus have the potential to target 3′uTRs
of the downstream and more anterior genes abdominal A
(abd‑A), Ultrabithorax (Ubx), Antennapedia (Antp)
and Sex combs reduced (Scr)32,48, although in flies the
number of Hox genes is too low for testing statistical
significance. These tendencies in vertebrates and flies
implied a recurring logic of Hox gene targeting by
miR-iab-4 or miR-196, in which these miRNAs act
to repress genes that are expressed in more anterior
domains.
In vertebrates, a significant non-random distribution
of predicted target genes was also found for the more
ancient Hox miRNA family, miR-10, for which Hox1–4
paralogues were defined as 3′ to or anterior to the
mir‑10 locus, and Hox5–13 paralogues as 5′ or posterior
to the mir‑10 locus. The genomic position of mir‑10 in
the clusters (between Hox4 and Hox5) dictated that
there were fewer 3′ Hox genes available for targeting.
In amphioxus, seed matches to miR-10 were found in
Hox1, Hox2 and Hox5 3′uTRs. In vertebrates, although
miR-10 seems to target fewer Hox genes than does
miR-196, the genomic arrangement of the target loci
exhibited the same one-sided skew. As with miR-196,
vOlume 9 | O CTObeR 2008 | 793

A n A ly s i s
a higher fraction of 3′ genes compared with 5′ genes
were predicted as targets of miR-10 (a vertebrate average of 37% of 3′ genes and 8% of 5′ genes; TABle 2).
This trend was not observed, however, in flies, in
which miR-10 seems to also target 5′ and more posterior genes such as Abdominal B (Abd‑B) and Scr 46.
This suggests that the altered and expanded targeting
in flies, which is due to the shifted miRNA end and
enlistment of the miRNA from the other arm of the
hairpin, led to a divergence in targeting for miR-10 that
is in sharp contrast to the pattern of targeting observed
for vertebrate miR-10, vertebrate miR-196 and fly
miR-iab-4.

Neofunctionalization
The process whereby a pair
of duplicated genes becomes
permanently preserved as
one copy acquires mutations,
conferring a new function.

Rhombomere
each of seven neuroepithelial
segments found in the
embryonic hindbrain that
adopt distinct molecular and
cellular properties, restrictions
in cell mixing, and ordered
domains of gene expression.

Posterior prevalence
within domains of coexpression, the more posterior
vertebrate Hox genes render anterior Hox genes irrelevant in the regions in which their expression patterns
overlap, a phenomenon known as posterior prevalence12,16,49. In other words, posterior and 5′ genes are
epistatic to anterior and 3′ genes50. The phenomenon
was first described as phenotypic suppression on the
basis of morphological observations made in fly larvae
with mutations at the extra sexcombs (esc) locus12,50.
such mutations inactivate repressors of Polycombgroup proteins and cause general derepression of Hox
expression12,50. The resulting segmental pattern in esc
mutants reflects the activity of the most posterioracting Hox gene, Abd‑B, such that the head, thoracic
and abdominal segments morph into a phenocopy of
A8, the most posterior abdominal segment. mutant
esc larvae that also lack Abd‑B develop with reiteration of A4 segments, typically specified by abd‑A, the
second most posterior gene. mutant esc larvae with
deletion of all abdominal Hox genes — Ubx, abd‑A,
and Abd‑B — develop with reiterations of thoracic
segments normally specified by Scr and Antp. when
Scr and Antp are eliminated in addition to the three
abdominal genes, esc larvae have cephalic segments
throughout. Thus a hierarchy of homeotic gene
function has been defined 50. Further experiments
showed that transcriptional cross-regulation is not
the principal driving force of phenotypic suppression.
experimentally derived ubiquitous expression of Hox
genes under promoters that are known to be transcriptionally irrepressible leads to transformations only in
regions anterior to the functional domain of the gene.
For example, the thoracic Antp, when ubiquitously
expressed, suppresses Hox genes of the head, resulting
in posterior transformation of head segments towards
a thoracic identity while not affecting the abdomen —
here, the effect of Antp is phenotypically suppressed by
bithorax-complex genes such as Ubx12,51.
Analogous observations have been made in transgenic vertebrate embryos for a number of Hox genes.
For instance, the introduction of a Hoxd4 transgene
under transcriptional control of the Hoxa1 promoter
leads to a rostral shift in the anterior boundary of
Hoxd4 expression52 (Hoxd4 is not a predicted target
of miR-10 or miR-196). The transgenic embryos
exhibit posterior transformations of the occipital bones
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at the base of the skull towards structures that show
characteristics of the segmented vertebral column, in
particular of the first two cervical vertebrae. However,
the phenotypes are limited to the anterior domain
of ectopic expression, even though levels are overexpressed or ectopically expressed elsewhere in the
embryo52. The posterior prevalence model explains
the general trends of homeotic phenotypes, with loss
of function often leading to anterior transformation
at rostral boundaries of expression; in the absence of
a Hox gene, more anterior acting genes that are typically suppressed are now permitted to function. The
model also accounts for the changes seen following
gain of function or ectopic expression of a Hox gene,
which generally causes posterior transformations in
regions anterior to the endogenous domain, where the
ectopic expression can suppress the effect of resident
Hox genes.
These tendencies generally hold true in flies, but
not always in vertebrates, in which deviations from
the rule occur, as do defects other than homeotic
transformations (for an example see ReF. 53). Fly Hox
genes seem to be under the control of more independent regulatory elements and have distinct expression
domains, whereas vertebrate Hox genes have more
coordinated regulation, redundancy among paralogues and higher overlap in expression. In general,
vertebrate systems seem to be more sensitive to
quantitative differences in Hox gene expression; in
these systems ratios of Hox genes that constitute the
Hox code determine fate specification. Nevertheless,
as a general rule 5′-located Hox genes modify more
anterior programmes.
The hypothetical ancestral condition. The functional
hierarchy that is understood as posterior prevalence
seems to be a retained property of the ancestral Hox
cluster, observed even in the absence of absolute spatial and temporal colinearities, or of segmentation,
as is the case in the highly derived nematode Hox
cluster54. In its essence, Hox master regulators have
an ascending hierarchical ability, which is colinear
with gene order, to modify programmes specified by
one another. This hierarchy might have been inherent in early neofunctionalization events that followed
initial tandem gene duplications, which pre-dated the
cnidarian–bilaterian split and the formation of a larger
cluster. A hypothetical eubilaterian embryo might
have expressed at least a pair of linked Hox genes to
polarize its longitudinal axis 55 and govern differentiation events during development by reiteration of
genetic programmes. such expression would lead to
the specification of anterior cellular fates earlier than
posterior ones. This trait has persisted among basal
insects56 and chordates, in which cells within segments
are specified sequentially, with anterior-to-posterior
progression. The most anterior hindbrain rhombomere
in the zebrafish embryo is specified earliest, a process
that does not involve Hox expression, and differentiates to be the default state that posterior rhombomeres
revert to following elimination of Hox cofactor
www.nature.com/reviews/genetics
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function57. During ontogenesis, such a default state
might be altered in developmental modules that are
formed later or more posteriorly owing to hierarchical
molecular activity, thereby creating a range of possible
morphological outputs. The ability to overrule and
elaborate on a pre-existing programme as a mechanism to evolve a novel unit of development might
have been a driving force to increase the copy number
of Hox genes with retained hierarchical activity. Thus,
posterior prevalence might be invoked as a fundamental property of ancestral Hox genes that helps
account for their successful propagation in animal
genomes.

Derived reinforcement of established hierarchies
The molecular mechanisms that establish hierarchical activity, although ill explained, are attributed
foremost to properties of Hox transcription factors12
and their downstream targets. In at least some cases,
posterior-acting Hox proteins are more efficient than
anterior ones at exerting downstream function, for
instance, by competition for shared promoter binding sites or for cofactors58. In addition, posterior Hox
genes might exert dominance by directing expression
of different target genes so that a posterior Hox network is dominant in function over an anterior one.
within a functional domain, the dominance of a gene
is facilitated by higher levels of absolute transcription.
Finally, there is evidence for hierarchy by transcriptional cross-regulation, with posterior genes directing
the repression of anterior ones12.
The conserved trend in the genomic distribution of
the miRNA target genes within the Hox clusters, when
considered together with transcriptional expression
patterns that are due to spatial and temporal colinearity, indicates that the Hox miRNAs dampen protein
output in more posterior regions of vertebrate Hox
gene expression domains. Furthermore, Hox miRNAs
function as delayed negative post-transcriptional
regulators of their 3′ Hox targets. Thus, as suggested
recently for individual examples30,48, the Hox miRNAs
seem to have a striking general propensity to promote
posterior prevalence (FIG. 1b). Regulation of Hox genes
by miR-196 is a vertebrate innovation and thus a regulatory addition that appeared after the emergence of
functional hierarchy. In vertebrates both Hox miRNAs
seem to contribute to and reinforce the functional
hierarchy among Hox genes, thus supporting the
hypothesis that a multitude of molecular approaches
are continuously selected for to retain this ancestral
trait.
The retention of mir‑10 and mir‑196 within Hox
clusters might be explained by their proximity to other
coding genes and their regulatory elements, leading
to a coordinated expression pattern of the miRNAs
and their targets. The Hox clusters might possess
properties that enable an active mechanism to avoid
genomic rearrangements or insertions and deletions,
thus maintaining synteny and overall compactness.
moreover, the presence of miRNAs at regular intervals
within the clusters and among their targets results in a
NATuRe RevIews | genetics

shared local DNA environment. This environment can
produce coordinated reactions with equal response to
non-specific perturbations affecting global transcription, thereby preserving constant transcript ratios.
This shared response between the miRNAs and their
targets might be among the driving forces to retain the
miRNAs within the clusters. The conserved genomic
landscape with its non-random distribution of seed
matches in transcribed sequences might be indicative
of a gradient of constraints on 3′uTR sequences, with
faster mutation rates of 5′ genes coinciding with cooption into novel expression in derived cells. Hence,
the relative depletion of seed matches among 5′ transcripts, and consequent freedom from the constraints
of Hox miRNA repression, might have predisposed
this group towards acquisition of secondary functions, consistent with the role of Hoxd9–13 expression
in the establishment of the proximal–distal axis of the
tetrapod limb.
Not all of the more anterior Hox genes have sites
matching the Hox miRNAs (FIG. 1a; TABle 2), further
implying that other, possibly more ancestral, regulatory mechanisms predominate in establishing and
maintaining posterior prevalence. moreover, sites
matching the Hox miRNAs, although more abundant
than for most other specific miRNAs, constitute only
15% of the conserved 7–8-mer sites in Hox 3′uTRs.
This ratio suggests that when considering Hox gene
regulation by all the miRNAs, reinforcing posterior
prevalence is less widespread than the broader, more
generic role of miRNAs, which is to adjust protein
output for many other purposes, thereby sculpting
expression patterns with the complexity and precision
that would be difficult to create using transcriptional
regulation alone 59. Indeed, the Hox miRNAs probably participate in these other functions in addition
to their role in posterior prevalence, as they seem to
have many non-Hox targets.

Conclusions
The ancestral acquisition of hierarchy among Hox
genes has allowed for the specification of cellular identities along a regionalized AP axis by reiteration of a
genetic programme with unidirectional modifications,
and has been reinforced over time by multiple layers
of interactions at many levels of gene expression. The
contribution of miRNA-mediated repression to the
posterior prevalence model adds a layer of regulatory
interactions at the post-transcriptional level, which
involves the conscription of only a few nucleotides in
a region resistant to mutation. The additive layering of
complementary regulation might enable a more stable
outcome by limiting dependence on any one regulatory mode. moreover, enlisting miRNA-mediated
gene regulation allows for more complex regulatory
output, with the consequent potential for the diversification of animal body plans. As more animals with
mutations in the Hox miRNAs and their regulatory
sites are generated, the functional consequences of
these nodes in the Hox regulatory network will be
demonstrated.
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